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LIQUID FUEL PRESSURIZATION AND 
CONTROL METHOD 

This is a Division of application Ser. No. 08/730,541, 
filed Oct. 16, 1996, now U.S. Pat. No. 5,752,380. 

TECHNICAL FIELD 

This invention relates to the general field of turbogenera- 
tors and more particularly to an improved liquid fuel pres- 
surization and control system for a turbogenerator. 

BACKGROUND OF THE INVENTION 

In a turbogenerator generating electricity and operating on 
a liquid fuel, it is necessary to increase the pressure of and 
atomize or vaporize the liquid fuel to be provided to the 
turbogenerator combustor. In addition, it is also desirable to 
increase the pressure of some of the turbogenerator com- 
pressor discharge air which is nominally supplied to the 
turbogenerator combustor and use this additionally com- 
pressed air to assist liquid fuel atomization in special fuel/air 
injectors used in the combustor. In order to have complete 
combustion, without the generation of undesirable combus- 
tion products such as COx and NOx, it is critical that the 
liquid fuel be completely atomized or vaporized when it 
enters the turbogenerator combustor. Further, if not fully 
atomized, the liquid fuel can leave varnish on any metal 
surfaces that it comes into contact with. The increased 
pressure liquid fuel and the increased pressure turbogenera- 
tor compressor discharge air (air assist air) can work 
together to accomplish complete atomization. 

In addition, if the liquid fuel is at too high a temperature, 
the fuel injectors which deliver the liquid fuel to the turbo- 
generator can become vapor locked which will disrupt the 
continued flow of the liquid fuel to the combustor. It is, 
therefore, essential that the temperature of the liquid fuel be 
maintained below the temperature at which vapor lock can 
occur. Means to cool the liquid fuel may be required. 

In a conventional turbogenerator operating on a liquid 
fuel, the speed of the turbogenerator is normally controlled 
by the interaction of liquid fuel flow rate and the load of the 
turbogenerator electrical output. Besides requiring a sepa- 
rate liquid fuel control and/or metering valve to regulate the 
liquid fuel flow rate, such a system requires a turbogenerator 
speed sensor, requires a turbogenerator turbine exhaust 
temperature sensor, is dependent upon turbogenerator load, 
would not be self -damping, and has certain inherent insta- 
bilities. 

Further, in the operation of a turbogenerator, it has been 
difficult to sustain low power output operation. Inherently, 
the turbogenerator is designed for a continuous, steady-state, 
full power operation. When a low power output is required 
to be sustained, the fuel system does not inherently have the 
capability to adequately deal with this type of operation 
without some special measures being taken. 

A new type of fuel pump and a new type of compressor 
to supply air assistance for fuel/air injectors appears to be 
warranted. Centrifugal pumps and compressors are potential 
candidates for both liquid fuel pressurization and control and 
for air compression used for fuel/air atomizing injectors. 
However, centrifugal pumps and compressors operate best 
(with high efficiencies) when they have a high throughput 
flow rate and a low pressure rise relative to their tip speed. 
These operating conditions are characterized as high 
specific-speed conditions. Under these conditions, a cen- 
trifugal compressor can operate with an efficiency on the 
order of seventy-eight percent (78%). But the flow rate and 
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pressure rise requirements for fuel pressurization and air 
assist compression for the liquid fuel pressurization and 
control system are for low specific-speed compressors (low 
throughput flow rate and high pressure rise relative to the 

5 compressor's tip speed). A centrifugal pump and compressor 
operating under these conditions would have an efficiency of 
less than twenty percent (20%). Under these conditions it 
would require a very large number of centrifugal compres- 
sors in series (e.g. ten (10)) to produce the same pressure rise 

10 for a given tip speed as could one (1) helical flow compres- 
sor. 

A helical flow compressor is a high-speed rotating 
machine that accomplishes compression by imparting a 
velocity head to each fluid particle as it passes through the 

15 machine's impeller blades and then converting that velocity 
head into a pressure head in a stator channel that functions 
as a vaneless diffuser. While in this respect a helical flow 
compressor has some characteristics in common with a 
centrifugal compressor, the primary flow in a helical flow 

20 compressor is peripheral and asymmetrical, while in a 
centrifugal compressor, the primary flow is radial and sym- 
metrical. The fluid particles passing through a helical flow 
compressor travel around the periphery of the helical flow 
compressor impeller within a generally horseshoe shaped 

25 stator channel. Within this channel, the fluid particles travel 
along helical streamlines, the centerline of the helix coin- 
ciding with the center of the curved stator channel. This flow 
pattern causes each fluid particle to pass through the impel- 
ler blades or buckets many times while the fluid particles are 

30 traveling through the helical flow compressor, each time 
acquiring kinetic energy. After each pass through the impel- 
ler blades, the fluid particles reenter the adjacent stator 
channel where they convert their kinetic energy into poten- 
tial energy and a resulting peripheral pressure gradient in the 

35 stator channel. The multiple passes through the impeller 
blades (regenerative flow pattern) allows a helical flow 
compressor to produce discharge heads of up to fifteen (15) 
times those produced by a centrifugal compressor operating 
at equal tip speeds. A helical flow compressor operating at 

40 low specific-speed and at its best flow can have efficiencies 
of about fifty- five percent (55%) with curved blades and can 
have efficiencies of about thirty -eight percent (38%) with 
straight radial blades. 

A helical flow pump has the same basic design as a helical 

45 flow compressor. 

Among the advantages of a helical flow pump or com- 
pressor or a helical flow turbine are: 

(a) simple, reliable design with only one rotating assem- 
so bly; j v y 

(b) stable, surge-free operation/ over a wide range of 
operating conditions (i.e. from -fill' flow to no flow); 

(c) long life (e.g., 40,000 hours) limited mainly by their 
bearings; 

55 (d) freedom from wear product and oil contamination 
since there are no rubbing or lubricated surfaces utilized; 

(e) fewer stages required when compared to a centrifugal 
compressor; and 

60 (0 higher operating efficiencies when compared to a very 
low specific-speed (high head pressure, low impeller speed, 
low flow) centrifugal compressor. 

The flow in a helical flow pump or compressor can be 
visualized as two fluid streams which first merge and then 

65 divide as they pass through the pump or compressor. One 
fluid stream travels within the impeller buckets and end- 
lessly circles the pump or compressor. The second fluid 
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stream enters the pump or compressor radially through the 
inlet port and then moves into the horseshoe shaped stator 
channel which is adjacent to the impeller buckets. Here the 
fluids in the two streams merge and mix. The stator channel 
and impeller bucket streams continue to exchange fluid 
while the stator channel fluid stream is drawn around the 
pump or compressor by the impeller motion. When the stator 
channel fluid stream has traveled around most of the com- 
pressor periphery, its further circular travel is blocked by the ^ ™ v v™> ^ucs smaiier man syste 
stripper plate. The stator channel fluid stream then turns 10 com Pressors; consumes about one-th; 
radially outward and exits from the compressor through the lhat otDer Iic J uid fad pressurization 
discharge port. The remaining impeller bucket fluid stream 
passes through the stripper plate within the buckets and 
merges with the fluid just entering the compressor/turbine 



compressor 
>f the turbo- 



controller from the turbogenerator. A separat 
can also be utilized to increase the pressure 
generator compressor discharge air to provide/an air assist to 
the turbogenerator combustor nozzles and Aso to cool the 
liquid fuel. A helical flow compressor arjfi pump can be 
utilized as the compressor and pump (of the liquid fuel 
pressurization and for the air assist comp/ession. 

A helical flow compressor system is t&ically thirty (30) 
to forty (40) times smaller than systems/with reciprocating 

('/)) of the energy 

- * ^Jtems use; does not 

require the use of an accumulator; dots not compress the 
liquid fuel to a pressure that is higher thtn is needed and then 
throw the extra pressure away througfi valve based flow or 
pressure regulation; does not cycle jbn and off; does not 



TV fluid in the impeller buckets of a helical flow pump is S^inT^mlS. 
or compressor travels around the compressor at a peripheral ?P? P ^ m0dC; a ° d 15 

velocity which is essentially equal to the impeller blade 
velocity. It thus experiences a strong centrifugal force which 
tends to drive it radially outward, out of the buckets. The 
fluid in the adjacent stator channel travels at an average 
peripheral velocity of between five (5) and eighty (80) 
percent of the impeller blade velocity, depending upon the 
pump or compressor discharge flow. It thus experiences a 
centrifugal force which is much less than that experienced 
by the fluid in the impeller buckets. Since these two cen- 
trifugal forces oppose each other and are unequal, the fluid 
occupying the impeller buckets and the stator channel is 
driven into a circulating or regenerative flow, The fluid in the 
impeller buckets is driven radially outward and "upward" 
into the stator channel. The fluid in the stator channel is 
displaced and forced radially inward and "downward" into 
the impeller bucket. 

While the fluid in cither a helical flow pump or compres- 
sor is traveling regeneratively, it is also traveling peripher- 
ally around the stator-impeller channel. Thus, each fluid 
particle passing through a helical flow pump or compressor 
travels along a helical streamline, the centerline of the helix 
coinciding with the center of the generally horseshoe shaped 
stator-impeller channel. 



- * » - /7 fast and responsive 

being controlled by the same computer that controls the 
entire turbogenerator combustion pdbcess. 

The helical flow compressor is driven at high speed on the 
order of twenty four thousand (24,<*)0) rpm by a permanent 
- u magnet motor/generator. It is desisted to produce very high 
pressure for a given tip speed of Impeller. 

A conventional centrifugal punfotakes liquid fuel such as 
dicsel oil or gasoline and passes il through an impeller blade 
which imparts kinetic energy to /he liquid fuel. That kinetic 
25 energy or velocity energy is converted to pressure energy in 
a diffuser channel. This happens once each time the liquid 
fuel goes through the pump/ In order to obtain a large 
pressure rise, you either have/o have a high speed impeller 
with a large diameter, or you Have to have a large number of 
compression stages. 

A helical flow pump or compressor also takes inlet liquid 
fuel or air into the impellerfblade where it picks up kinetic 
energy or velocity energy afid then the liquid fuel or air goes 
into a stator channel (whicfh is in effect a vaneless diffuser) 
where the kinetic energy £ turned back into pressure energy. 
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SUMMARY OF THE INVENTION 



the present invention, the liquid fuel pressurization and 
control system and method utilizes a pump /hose speed and 
shaft torque directly controls the pressure Li the liquid fuel 
delivered to the turbogenerator c»mbusftor. This method 
includes establishing the turbogenerato/ speed and turbo- 
generator turbine discharge gas lempenfiture required based 
upon the power load requirements ol the turbogenerator, 



While this happens only 
or compressor, it typic 
(15) times in a helical 
can obtain about twclv 
40 pressure rise in a sinj 
compressor as you c, 
trifugal pump or 

The helical flow/compressor 
very low flows * 
higher flows foy greater efnci^rtcy 



in the typical centrifugal pump 
ly happens twelve (12) to fifteen 
>w pump or compressor. Thus, you 
\12) to fifteen (15) times as much 
s stage of a helical flow pump or 
obtain in a single stage of a cen- 



i operating , 



establishing the liquid fuel pressuri 
the established turbogenerator 
commanding the pump to pre 
pressure by controlling the s] 

The liquid fuel pressuri 
turbogenerator includes a 
liquid fuel to the liquid fu 
combustor while the 
pressurized combustion a 
A motor, such as a 



squirements to produce 50 
and temperature, and 
established liquid fuel 
the torque of the pump, 
ai d control system for a 

ing pressurized 55 
turbogenerator 
[enera/or compressor supplies 
irbogenerator combustor. 
magnet motor, drives the 



gal compressor 
ciencies than hi 
efficiencies. Wheri 
pressors with helical flow < 
flows, helical flow comprej 
ciencies. A cen/rifugal coh 



designed to produce 
ifiigal compressor requires 
Because of this, centrifu- 



compressor. A compressor motor inverter drive provides 
electrical power to the m/tor and receives operational speed 
and phase data from f\e motor The inverter drive also 
receives torque and majfimum speed control signals from the 
turbogenerator powe/ controller which receives a speed 



60 



high flows have higher effi- 
ipressors running at their best 
you compare centrifugal com- 
npressors with the same low 
>rs actually have higher effi- 
w ^pressor operating at its best 
operating condtfion would be operating at about a seventy 
eight percent (78%) efficiency. The centrifugal compressor 
would, howeWr, be operating at its best flow which will be 
well above thfe flows needed by the turbogenerator. The 
helical flow obmpressor operating at its best flow can have 
efficiencies with curved blades of about fifty five percent 
(55%) and ith straight blades of about thirty eight percent 
(38%). ThJ efficiency of the helical flow compressor with 
straight blaties for the flows required by the turbogenerator 
is about twenty five percent (25%) and with curved blades 
may be slj|htly over thirty percent (30%). On the other hand, 
the centrjfugal compressor would be under twenty percent 
(20%) because it would be operating at such a low flow, well 



feerihartc.on^ f^^A ^ ^ /0} °«P use " w <>uia oe operating at such a low flow well 
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The helical flow compressor has a lightweigh/ wheel or 
impeller for a given throughput flow rate and pressure rise. 
The centrifugal compressor will be somewhat Heavier with 
less ability to accelerate and decelerate than th/helical flow 
compressor. If both a centrifugal compressor/and a helical 
flow compressor are both designed to provide what the 
turbogenerator requires, the impeller of ttte helical flow 
compressor would be much lighter and Anuch easier to 
accelerate and decelerate than the impellerM the centrifugal 
compressor. 

Since the pressure of the liquid fuel introduced into the 
turbogenerator combustor is a functionM the speed of the 
helical flow pump, the system computes can control the data 
which controls the motor which controls the pump and 
effectively has the computer control Either the pressure or 
the flow of the helical flow pump wmch is pressurizing the 
liquid fuel. In a helical flow pump driven by a permanent 
magnet motor, or by an induction motor, you can control the 
torque the motor makes or control the speed or a mix of the 
two. Typically in this application/ the torque is controlled 
since that controls the pressure rile of the compressor. The 
buckets have a known cross sectional area at a known radius 
to the center of the motor shaTt. Thus, there is a given 
pressure rise for a given motor torque. The liquid fuel to the 
turbogenerator can therefore he effectively controlled. 

After ignition, combustion generated turbine torque accel- 
erates the turbogenerator which raises the pressure of the 
turbogenerator compressor. As the turbogenerator compres- 
sor increases the pressure dt the combustion air, you will 
also need to increase the /liquid fuel pressure to keep it 
somewhat higher so that there is a positive flow of liquid fuel 
to the combustor injectors. If for any reason the turbogen- 
erator gets to a speed so is to produce more turbogenerator 
compressor discharge pressure than the liquid fuel pressure, 
the liquid fuel flow will stop and no liquid fuel will enter the 
turbogenerator combustor and the turbogenerator goes down 
in speed. This in fact constitutes a speed control mechanism 
which works extremely well. 
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A conventional 
system controls li 
erator but not 
turbogenerator, 
tor speed 
suddenly dro 
turbogeneratj 
turbine to ai 



offt 



fluid fuel pressurization and control 
1 flow rate delivered to the turbogen- 40 
f the fuel delivered to the 
held constant the turbogencra- 
when the electric power load 
electrical load coming out of the 
)s off] more torque is available from the 45 
the Wheel. The problem is controlling 



With prior art technology, there is almost no gtin in the 
turbogenerator by virtue of the fuel fluidics ancy :he com- 
pressed air pneumatics, the gain is all in the computer that 
is controlling the liquid fuel and that's a hard Aiing to do. 
What is done in the present invention is to usfe the turbo- 
generator as a moderate gain servosystem on /ts own right. 
If you control the fuel pressure, you control/the turbogen- 
erator speed within a five percent (5%) tolejfence range for 
a wide range of output power. The turbogenerator keeps 
itself from overspeeding and enables the Astern to get by 
with a very low gain (thus stable) seryosystem that is 
computer based. Noting the power that the customer wants 
electrically, the computer goes to look-ub tables to deter- 
mine the speed and temperature at which fhe turbogenerator 
should be operating to produce that powtfr. Another look-up 
table determines what pressure the liquidffuel should have to 
be consistent with that selected turbogenerator speed and 
temperature. The fuel pressure is then commanded to be 
equal to that level by changing the speefd of the helical flow 
pump or by changing the torque of ttfe helical flow pump 
motor. These conditions are obtained with a very small error 
because the prediction algorithms cafi be extremely accu- 
rate. A very small authority or limited gain integral propor- 
tional controller algorithm can trim; out the last errors in 
speed, exhaust gas temperature, or output power. 

A liquid fuel pressurization and control system based on 
the present invention stabilizes mdeh faster than systems 
that over pressurize the fuel, then/ reduce the feel pressure 
with a mass flow control valve. It Has been demonstrated that 
this system can control a turbogenerator over a speed range 
of twenty four thousand (24,000)/rpm to ninety six thousand 
(96,000) rpm and can control tpe turbogenerator speed to 
within ten (10) rpm and that itfcan also control the turbine 
exhaust temperature to within two (2) degrees Fahrenheit. It 
is a very friendly system whith does not overshoot and is 
capable of overcoming manv of the difficulties of prior 
systems. 

It is therefore a principle Jbbjective of the present inven 
tion to provide an improved liquid fuel pressurization and 



based upon the control of flow of 
speed, high gain servosystem can 
el flow is controlled rather that fuel 



the speed the System 
liquid fue. 
prevent 

pressure# 1 / 50 

In th/ present invention, the pressure rather than the mass 
flow of the liquid fuel is controlled and set to a pressure such 
as of twenty Ave (25) psi gauge. The turbogenerator will 
automatically/ accelerate if the compressor discharge pres- 
sure is twenty three (23) psi gauge. At that point, the 55 
turbogenerator is getting the amount of fuel it needs to run. 
With a drop/off of load at the turbogenerator, the most that 
the turbogenerator speed can increase is that change in speed 
associated Avith an increase of two (2) psi in compressor 
discharge pressure. The speed goes up about three percent 60 
(3%) or four percent (4%) (considered to be a speed error) 
and stabilizes out as the gaseous fuel flow naturally drops 
down. Essentially what the computer based control logic 
does is reduce this small error by using a limited amount of 
gain or by using limited authority integration reducing this 65 
small error to essentially zero with small variations in fuel 
pressure. This makes a stable servocontrol. 



a turbogenerator. 
; present invention to provide 
control system having means 
precise pressure required by 
injection nozzles. 

sent invention to provide 
control system that does not 
pressure substantially above 
ogeherator combustor's injection 
sujjregulate that pressure down to 



control system and metho 

It Ls another objective 
a liquid fuel pressurizatio: 
to pressurize liquid fuel 
a turbogenerator corabu; 

It is another objective 
a liquid fuel pressuriz; 
pressurize the licjuidjfijel to 1 
that required 
nozzles then sub: 

the level requiretTby Ahe nozzles. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that does not 
require a mass flow Control valve or a pressure control valve 
to assure that the Kquid fuel is pressurized to the precise 
pressure required \Jy a turbogenerator combustor's injection 
nozzles. 

It is another ob/ective of the present invention to provide 
a liquid fuel preslurization and control system that utilizes 
a variable speed Jump to both pressurize the liquid fuel and 
to control its pressure and flow to precisely match the 
requirements of/ the turbogenerator combustor's injection 
nozzles with no/subsequent valve based subregulation. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that utilizes 



a variable spee< 



pump having electrical power requirements 



much lower thi n those of an automotive fuel pump (owing 
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fcystem that utilizes 
low pump followed 
uel to precisely the 
bmbustor's injection 
I subregulation. 
J invention to provide 
i system that utilizes 
notor and mounts the 
shaft on which is 



to pumping only the pressure needed by the turbogenerator 
rather than overpumping then sub regulating) and having this 
pump submersion mounted in the fuel tank. 

It is another object of the present inventiojS to provide a 
liquid fuel pressurization and control system iiaving a com 
pressor that does not have output flow nates or output 
pressures that pulsate. 

It is another object of the present inven/ion to provide a 
liquid fuel pressurization and control systdm having a com- 
pressor that does not have to be cycled on/and off to control 
the average liquid fuel discharge pressuri 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control 
either a helical flow pump, or a helical 
by a gear pump, to pressurize the liquidj 
pressure required by a turbogenerator 
nozzles with no subsequent valve b; 

It is another objective of the presenl 
a liquid fuel pressurization and contn 
a pump that is integrated with a drive 
rotating pump elements on the sai 
mounted the motor rotor. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and cont/ol system that utilizes 
a pump motor and motor inverter irive that can be com- 
manded to produce a given motor/p/imp shaft torque or can 
be commanded to produce a given/ shaft speed and in any 
case will provide a signal that is a/ function of shaft speed. 
Note that if the pump motor is/ a d.c. motor (shunt or 
otherwise) this objective can be/met with interdependent 
control of motor current and vol/age. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and Control system that, through 
fuel control, can control turbogenerator speed to within 10 
rpm over an operating speed rlnge of zero to 100,000 rpm 
and can control turbine exhaust temperature to within 2 
degrees Fahrenheit over an operating range of 300 degrees 
Fahrenheit to 1200 degrees Fahrenheit for the entire output 
power range. / 

It is another objective of tne present invention to provide 
a liquid fuel pressurization a;nd control system having means 
to supply cool air at up to 
centrifugal compressor di 
zation of the liquid fuel 
air assisted injector 

It is another objec^rvr^Tthe ptesent invention to provide 
a liquid fuel pressurizauon and/ control system utilizing a 
variable speed compressor to further pressurize some of the 
air from the turbogenerator centrifugal compressor dis- 
charge in order to s/pply cool air at up to 6 psig above 
turbogenerator compressor discharge pressure to assist 
atomization of the/iqufid fuel in the turbogenerator combus- 
tor's air assistedyUijeJtor nozzles. 

It is another tfojecwve of the present invention to provide 
a liquid fuel pressurization and control system utilizing a 
variable speed helical flow compressor to further pressurize 
some of the air from the turbogenerator centrifugal com- 
pressor discharge in order to supply cool air at up to 6 psig 
above turbogenerator compressor discharge pressure to 
assist atomizatiorf of the liquid fuel in the turbogenerator 
combustor's air assisted injector nozzles. 

It is another objective of the present invention to provide 
a liquid fuel presiurization and control system that varies the 
speed of the heliial flow air atomization assist compressor to 
provide adequate but not excessive air for atomization and 
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above turbogenerator 
pressure to assist atomi- 
rator combustor's 
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adequate but not excessive air for fuel cooling in /he injector 
nozzles (to prevent vapor lock) without utilising excess 
electrical motor/inverter power. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control s^tem that can 
reduce the fuel flow through some of the liquid fuel injector 
nozzles under conditions of low turbogenerator speed and 
low turbogenerator combustion temperature in order to 
stabilize the combustion flame, avoid fl/meouts and reduce 
the turbogenerator idle speed and idle /uel consumption. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and coJhtrol system that can 
reduce the fuel flow through some o/the liquid fuel injector 
nozzles under conditions of low turbogenerator speed and 
low turbogenerator combustion UAnperature utilizing sole- 
noid shut-off valves that are sequentially activated for each 
injector nozzle based on turbogejnerator speed and/or turbo- 
generator turbine exhaust temperature and/or fuel flow rate. 

It is another objective of the/present invention to provide 
a liquid fuel pressurization And control system that can 
reduce the fuel flow through Sorae of the liquid fuel injector 
nozzles under conditions of/low turbogenerator speed and 
low turbogenerator combusficTn temperature utilizing a pro- 
portional valve or multiple /proportional valves that have 
their flow conductances a^ustda as a function of turbogen- 
erator speed and/or turbo* neritojjurbme exhaust tempera- 
ture and/or fuel flc 

It is another objectiVe/of the present invention to provide 
a liquid fuel pressu/izfetion/and control system that can 
reduce the fuel floy thibugh/some of the liquid fuel injector 
nozzles under coriaitiAns of low turbogenerator speed and 
low turbogenerator combustion temperature utilizing a flex- 
ure valve or multiple flexure valves that have their flow 
conductances adjusted as a function of fuel pressure. These 
flexure valves use/no solenoid, use no electrical power, 
require no conditioning and control circuitry. They are 
controlled and powered solely by the pressure of the liquid 
fuel used by the Injector nozzles. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that controls 
the torque and/speed of the utilizes either a helical flow 
pump, or a helical flow pump followed by a gear pump, to 
pressurize the liquid fuel to precisely the pressure required 
by a turbogenerator combustor's injection nozzles with no 
subsequent vajve based subregulation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Having thus described the present invention in general 
terms, reference will now be made to the accompanying 
drawings in which: 

FIG. 1 is a plan view of a turbogenerator set utilizing the 
liquid fuel pressurization and control system and method of 
the present invention; 

FIG. 2 is a perspective view, partially cut away, of a 
turbogenerator for the turbogenerator set of FIG. 1. 

FIG. 3 is a block diagram, partially schematic, view of the 
liquid fuel pressurization and control aspect of the pressur- 
ization and control system and method of the present inven- 
tion; 

FIG. 4 is a block diagram, partially schematic, view of the 
air assist aspect of the pressurization and control system and 
method of the present invention; 

FIG. 5 is a block diagram, partially schematic, view of 
both the liquid fuel pressurization and air assist aspects of 
the pressurization and control system and method of the 
present invention; 
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ftp 7 • , ^venuon, 36 at the compressor end of the bearing rotor 32 is rotatably 
FIG. 7 is a cross sectional view of the helical flow pump 5 supported by a bilateral thrust bearine 

or compressor of FIG. 6 taken along line 7—7; intake air k Hr»«,n >u 

a * . Z. iniaxe air is drawn through the permanent magnet een- 

FIG. 8 is a cross sectional view of the helical flow pump crator 20 by the compressor 30 which increases the pressure 

or compressor of FIG. 6 taken along line of the air and forces it into the recuperator 23 Mn the 

FIG. 9 is an enlarged sectional view of the impeller recuperator 23, exhaust heat from the turbine 31 is used to 

blade/stator channel area of the helical flow pump or com- 10 P reheat foe air before it enters the combustor 22 where the 

pressor of FIG. 7; preheated air is mixed with fuel and burned. The combustion 

FIG. 10 is an enlarged sectional view of the impeller gaSeS m then ex P anded in the turbine 31 which drives the 

blade/stator channel area of the helical flow pump or com- com P re ssor 30 and the permanent magnet rotor 26 of the 

pressor of FIG. 8; permanent magnet generator 20 which is mounted on the 

FIG. 11 is an enlarged partial plan view of the helical flow ' ^ ^ f ibc mbi ™ 3L ^ ex P™ded turbine exhaust 

pump or compressor impeller blades illustrating the flow of tTt T I ZT* the recu P erator 23 before 

liquid fuel therethrough; being ^m the turbogenerator 12. 

FIG. 12 is an enlarged partial plan view of a helical flow illustrated in FIG. 3, the liquid fuel pressurization 

pump or compressor impeller having curved blades* 20 if \u ? pI ?f Dt !? veatl0D inc ^des a helical flow pump 

Fin 11 u ™i a a • ' IS, with motor 42, in liquid fuel tank 19. The liquid fuel tank 

p, r : . . ... ? el mlet 40 Elevated pressure liquid fuel is provided from 

MO. 14 is an enlarged sectional view illustrating fluid „ the helical flow compressor outlet 41 to the turbogenerator 
^ flow streamlines m the impeller blades and fluid flow stator 25 combustor 22 injector 24 via fuel injector tube 38 The 

U , helical flow P um P 18 would ^ driven by the permanent 

tg nG - 15 18 a schematic view illustrating the flow of liquid magnet motor 42 which could also function as a permanent 

hJi fuel through a helical flow pump or compressor; and magnet generator. A helical flow pump motor inverter drive 

. nG 16 is a graph of "he pressure versus flow character- 30 I 3 Provides three (3) phase electrical power to the helical 

W istics of a helical flow pump or compressor. . pum P motor 42 via electrical connection 44 and 

H I receives operational phase and speed data from the helical 

si DETAILED DESCRIPTION OF THE flow P um P motor 42 via electrical connection 45. 

*fi A3*>~ PREFERRED EMBODIMENTS The helical flow compressor motor inverter drive 43 

W \ $3^" A turbogenerator set 10 utilizing the liquid fuel oressur 35 "?*T < T'™' Signa ' S and maximu m speed control 

H ^ iz a <ion and control system and method 0^0^™" rf 1 M ^ ^ ,urbogenera,or set power controller 15. 

tionBmustritedinnG.l.Aoounting?uSrui™i?; , turbogenerator set power controUer 15, which includes 

" the turbogenerator 12, associated ducts.] aTa.^ s^hE \Z o Tr^K 8 T' "f^ 4 Mkil fl ° W pUm P 

U flow compressor 14, turbogenerator set powe c^ntrolk 15 ^ 47 ft ° m lhe helical flow cora " 

Pj and line commutated invener 16. ta TaddiUon," " qS toi « SK ZZZ*^' mrb °^era.or turbine 

h Fu^rr helical flow pump 18 is provided 1 «** ^ESEM^itSWi 

Tne r bogenera,orl2is01us,ra,edi„detaili nF ,G.2and Z^ZXZ^^S^g^ 

ToZf^TZL^ZTl r 8 " 6 ' genera 7 2 ?' 3 « 53 WWch Pf0vide pressu,?zed - from trmr^ge" 

power head 21, a combustor 22 and a recuperator (or heat erator compressor 30 to the combustor 22 

exchanger) 23. t, .. ., ,. 

tv,„ » -~ 7,10 u 1 uid 6,61 oullet 41 of the liquid fuel pressurization 

The permanent magnet generator 20 includes a permanent helical flow pump 18 may include a pressure sensor 48 to 

dfcS^r ^ .Tm 26 ' haViD8 J a P ermanent ma 8 net P rovide ^ uid fuel P««ure data to the turbogenerator set 
m^, ? ^'k Iy / UpP ° rted a permanent 50 power controller 15 via line 49. The turbogenerator perma 

ne ™f ° r / ! Pa ' r ° f T*t j °r 31 b6aringS - Radial Dem magne * generalor 2 » exchanges Ihree^hase eleSl 

permanent magnet stator cooling fins 28 are enclosed in an power data with the turbogenerator set power controller ?5 

outer cyundncal sleeve 29 .0 form an annular air flow via lines 56, 57, and 58. Included in L would be 

passage which cools the permanent magnet stator 27 and turbogenerator speed 

powerLTd^ 18 ^ PaSSiD8 ,hr ° U8h 00 ^ W3y ,0 ' he 55 While the ^ Uid ^ l P^urization has been described as 

' be 'ig performed by a helical flow pump driven by a per- 

cr*Z£Z ™ I"! « turbogenerator 12 includes manent magnet motor/generator, it should be recognized fliat 

whTT , 3 k aDd beanng r0,0r 32 ,hrou 8 h ,he helical flow compressor can be driven by other electrical 

wnicn the tie rod 33 to the permanent magnet rotor 26 means such as an induction motor or a brush type d c motor 

P v a ^| S '^r C i, C T PreSSOr ' !! aVing com P ressor "HI*"" or 60 Also, other pressurization means, such as a gear pump, can 
wheel 34 which receives preheated air from the annular air be utilized to pressurize the liquid fuel 

whfel 35 wh;,h f P ^ a u ,ne 31 haV,Dg ,UrbmC Single fuel m j ec,or as snown « FIG. 3 or alternately to a 

IS? « receives heated exhaust gases from the liquid fuel manifold 52 as shown in FIG 2 Three % fuel 
combustor 22 supplied w„h preheated air from recuperator 65 injectors 24 are shown in FIG. 2 and ft e iofectoS^ cln£ 

LnnI?, h P T° r Wh t e1 * 34 aDd tUfbine Wheel 35 116 su PP"' ed prasurized liquid foe from me ItouW fiS 
supported on a beanng shaft or rotor 32 having a radially manifold52. Flowcon.rol vJU,59c U tepS^W I ^each 
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11 12 

or two (2) injectors individually) or they can be^odufated 5 ^T, " " ' 8606 * ^ 

together. The flow control valves 59 can be opened by liquid 1,cal " ow P urn P or compressor permanent magnet 

fuel pressure or their operation can be controlled or aug- motor/generator 70 includes a shaft 73 rotatably supported 

mented with a solenoid. by bearings 74 and 75. The position of bearing 75 is 

As illustrated in FIG. 4, the air assist helical flow com- maintained by back-to-back Belleville type washers 76 

pressor 14, having motor 62, includes a compressor dis- 0 wmch also P revent rotation of the outer bearing race. An 

charge air inlet 60 to provide compressor discharge air flow 1 ™P eller 77 is mounted at one end of the shaft 73, while 

from the turbogenerator compressor to the air assist helical Permanent magnet rotor 78 is mounted at the opposite end 

flow compressor 14 and a pressurized air outlet 61 to provide thereof between bearings 74 and 75. 

elevated pressure air to the turbogenerator combustor 22 A stripper plate 79 is disposed radially outward from 

after passing through cooling tube 25 around fuel injector 15 impeller 7 7. The permanent magnet rotor 78 on the shaft 73 

rube 38 to the injectors 24. While the helical flow compres- k disposed to rotate within permanent magnet stator 80 

sor motor 62 can be an induction motor, it would preferably which is disposed in the permanent magnet housing 81. 

be a permanent magnet motor which could also function as The impeller 77 is disposed to rotate between stator 

a permanent magnet generator. A helical flow compressor channel plate 82 and stator channel plate 83. The stripper 

motor inverter drive 63 provides three (3) phase electrical ,„ plate 79 has a thickness slightly greater than the thickness of 

power to the helical flow compressor motor 62 via electrical " impeller 77 to provide a running clearance for the impeller 

connection 64 and receives operational phase and speed data 77 between stator channel plates 82 and 83. Stator channel 

from the helical flow compressor motor 62 via electrical plate 82 includes a generally horseshoe shaped fluid flow 

connection 65. The helical flow compressor motor inverter stator channel 84 having an inlet to receive fluid from the 

dnve 63 receives torque control signals and maximum speed ^ fluid inlet 71. Stator channel plate 83 also includes a 

control signals 66 from the turbogenerator set power con- generally horseshoe shaped fluid flow stator channel 85 

□ 'roller 15. The turbogenerator set power controller 15, which which mirrors the generally horseshoe shaped fluid flow 

„ includes a central processing unit, receives a helical flow stator channel 84 in the stator channel plate 82 

Hy ^? P 7f m SPeCd CUTTem feedbaCk Signal 67 fr0m the Eacb of the sUtor chanaels «4 and 85 include an inlet 86 

helical flow compressor motor mverter drive 63. A turbo- 30 and an outlet 87 disposed tadially outward from the channel 

M fhZ^Z , « ^1 ten, P«»« ure 50 from a with the inlets and outlets of generally horseshoe shaped 

Pi P , m ,? ^ b °g enerat ° r turb,ne exhausl 8» fluid flow stator channel 84 and generally horseshoe shaped 

fy duct 39 ts also provided to the turbogenerator set power fluid flow stator channel 85 axially aligned. The fluid inlet 71 

m controller 15. The combustor 22 also includes a plurality of extends through stator channel plate 82 and stripper plate 79 

^0 n^T^ T T, ^ mktS 53 Which ak ° prOVide 35 t0 ** 86 of both of stator channel platfgenerally 

W pressurized air from the turbogenerator compressor 30 to the horseshoe shaped fluid flow stator channel 84 and stator 

N combustor 22. The turbogenerator permanent magnet gen- channel plate generally horseshoe shaped fluid flow stator 

erator 20 exchanges three phase data with the turbogenerator channel 85. The fluid outlet 72 extends from the outlets 87 

H ST C ° n ,H°K ei ; "J" lMeS S6 ' 5 V nd ,nduded iD ° f b0,b sta,or channel P late 8 eoera »y horseshoe shaped fluid 

U; >h.s data would be urbogenerator speed. ^ flow stator cnannel 84 and stator ' channe , pUte ^ 

SU ,he air assist helical flow compressor will increase the horseshoe shaped fluid flow stator channel 85 

H compressor discharge pressure approximately six (6) psi The fluid flow stator channels are best illustrated in FIG 

Ci S in ectoTtubets I.T ?* ^ * ^ 13 which * a ™" of the stator channel plate 83 

S houidle Tn .h/in J ,2 , 70? h ^ pressuruffid The generally horseshoe shaped stator channel 85 b shown 

° S1S,^' J ?T. ° m T ° r Vap0riZe 45 along wi,b inle < 8 « and outlet 87. The inlet 86 and outlet 87 

^ hc P™" 1 ^ T u Cl 88 " accc,erates the Pressurized would normally be displaced approximately thirty (30) 

hquid fuel into the combustion chamber. Since the pressur- degrees. An alignment or locator hole 88 is provided each 

^^tt^T&SZZS^** ^--<- ba -'P' a -82and83andinfhestri Pf ,rplate 

In FIG. 5. there is illustrated a liquid fuel pressurization so The impeller blades or buckets are best illustrated in 

^Z r ^ me,h0d ° f °* PreSem inVenti0D iD FIGS - 11 and U. The radial outward end oTthe impelS 11 

IT£ a mtegrated into a smgle system. The compressor be radially straight as shown in FIG. 11, there may be 
speed and current feedback signal 47 from the liquid fuel specific applications and/or operating conditions where 

fl™ ° PUmP m0t °H ,nvertw *«£ 43 and ,he helical » cuTved blades may be mo c appropriate or ?eqSd. 

flow compressor speed and current feedback signal 67 from FIr „ ,,,„' ,. , F u ,. ,w l u,reu - 

the air assist helical flow compressor motor inverter drive 63 JZSl T ' F?"'? ° f 2 ^ ^ compressor 

are both provided to the turbogenerator set power controller S£ "f T* " , P £ f . T* 

IS which provides torque control signal and maximum 0r ^ H 4 ^ ' han ,he leading 

speed control signals 46 and 66 to the compressor uTrter „ , ? <™ed ^de Up 96, at both the root 94 

drives 43 and 63, respectively and leadmg edge 95 would be generally radial. 

nen1~,o h r^ 'S^WSttEZStt 
and inches a flui/inle, 71 to p^dTflS to 5S£J Sl^&^^^t£S 

™Z P ° r C ° mpreSsor 14 of 11,6 h f Iical flow P™P °< « through and out of the blades 92? nS&gal fo£ *f „ 

7^™ 7^ ^TtrT 70 aDd 8 Where il reentere the fluid flow sta ' or c hannel. During his 
fluid outlet 72 to remove fluid from the helical flow pump or time the fluid has been traveling tangentially around the 
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periphery of the helical flowlompresso, As a result of 

fhfiVw is "^~tf?££5?Z Snferof hetal flow pump speed and turbogenerator speed for any 

and 15. The dotted line in FIG. 15 represents me «i lurb ogenerator load. , 

the impeller-stator channel. ^ lhe helica i flow pump motor, a function i or 

While the helical flow compressor is shown in a single 5 1&e *7 flow perma nent magnet motor current, can 

premutation stage configuration which is all that would th '™™ZniXoJ. Xlternately, the hehcal flow pump can 

Su? lx required in th* system, it should be recognized ^ d w ^ th ^™ Uers mrning DU t no torque in the hehcal 

luhe Uquid fuel pressurization helical flow ^w p lp m oto7 or a torque from the hehcal flow pump 

£ air assist helical flow compressor -14 ^ h ^o g) fa simply providing po wer fo, -the bewarf 

pressurization stages or as many as three (3) pressunz anon 1Q . m mherently mc i ud es four / ee ™ 

stages. The hehcal flow compressor permanent magnet w ™ a S e 8 afe ^ o{ the turbogenerator which 

motor generator is described in additional detail in a U.S. f presS ure, the turbogenerato 

P?ten AppUcation Ser. No. on Oct 16, provide^ compre^ ^ * ^ ^ ^ 

1996, by Robert W. Bosley, Ronald F. Miller.andtolB. ou P £ when ling al any ga ven condition and 

Wacknov entitled "HeUcal Row Compressor,Turbine Per- a ™P; ^ ^ require d, even before a change in 

man5 Magnet Motor/Generator", assigned to the same a change m po ^ ^ flow „ 

See as this application, and is herein incorporated by -—'^ satisfy lhe new power demand is .known. In 

^regenerator 12 is able to operate on whatever other ™c , H t ^ -Xs enab.es 

liouid fuel °s Available. Ignition of the liquid fue produces dc ^ and mor e aggressive damp- 

£ InSe liquid fue, flow is sustained 20 Lg^S means less oversU risk and less authority for 

turboaenerator which raises the pressure ol the wroogen 6 controls. J . 

^compressor 30. As the turbogenerator c™?™" £J , "addition, lhe re may be hardware implemented speed 

increases the pressure of the combustion air, the hquid fuel in torn • > f Ufflits and software which are 

pressure must be correspondingly increased to keep it some- Um«,s ^«tapto rf ^ 

SiSer so that there is a positive flow of hquid fuel to 25 ^g^^ before u actU aUy hit 

the combustor injectors. hardwired limits are a really strong satety clamp, id* 
In order to start the system, the helical flow pump motor ^S^Tlirnite are soft and somewhat cushioned with a 

42woutno^^ ^damping factor in order so as not to precipitate 

tt^SX^^&S - ^Lsystem.beingoperatedataconsuntspeedand 

crator'To utilized to run-up the turbogenerator speed. a „ increase ;„ i oad> the speed w,U start to drop 

iTeht-off wTll occur when the correct fuel air ratio, a function £ el flow is mcre ased to maintain a constant 

a lhe combustion process, is achieved. Before hgb ^ 'he ^ ™ he turbogenerator. When higher liquid fuel flows 

soeed of the hehcal flow pump is the controlling factor. After speed or. me & ided to tne helica i flow pum p 

Sl-ff, the controlling factor will be exhaust gas tempera- 35 eque s ed a co m ^ Mte for lhe change ,n power 

nfre during the remainder of the starting process. Once the J { At spee d * increased and then 

Sart-up is completed and idle speed set point is achieved requweo. f efficiency. Unless the 

normal ^thousand (50 000) rpm) the system will J^J"*^ c P on nectcd to a utility or « , = e 

switch to a torque control mode. Xnificant electrical power from batteries, turbogenerator 

ShLid fuel header pressure that is needed .0 operate «S~ w e er cannol P instantaneously be increased since 

, he turbolene^tor has to be extremely low for .gmtion. As * output po instantaneously be increased since 

2 TSi speed increases, ^^S^ XeSaE turbine inlet temperature cannot instanta- 

compressor discharge pressure will increase up to « , be incre ased. 

SKwn (37) psi gauge. The liquid pressure in the header neo y ^ rature lumt 

thaS the combustor injectors needs to be between three J™ 1 ternpe rature limit. The transient tempera- 

tels (03) psi above turbogenerator compressor discharge 45 and I a rteady sum pe ^ siea state temperatur e 

pre rure t^ taitSto alowtfansientchangecanbe accommodated 

wrbtgenerator compressor discharge pressure in order to hmrts so m ff .„ lurbo generator speed. 

Commodate liquid fuel Une losses or pressure drops in the wuhout any s g ^ ^ hehcal fl p mp 

^toufcomponents in the liquid fuel Une to the combustor £*W^ q mat energy has , 0 come from somewhere. It is 
wXs.^ 50 eXftak^ 

E^s into the Uquid fuel header can be increased. ^nbSon of the two. Tne heUcal flow pump iha* .a 

When the heUcal flow pump is operating a^ . nea «J f and lhus has a ^uer transient response 

speed, there is a very low gain in terms of :the pressure r*e ^ 

stace pressure rise is a function of speed squared Once if lheturb0 generator load suddenly drops off s.gnuicanuy 
however, the system is run in a torque control mode the J5 " ™"V | m tne ^bogenerator recuperator may 

svsTem is much more forgiving since any incremental *e energy ^s ^ ^ m e , , al 

chS n torque will produce a well defined change in ^ r a e n ^ m b e a ^7 0 dissipate that energy. In stand-alone 

bKfllpumpdischaW^ Satior^ a programmable device like a human interface 

of operating' ineither a speed or torque control mode apphcan , ^ ^ and maximum load 

particularly if it is operating open loop. As currenly wutp 1 g above a lect ed ^speed 

confieured, the system operates in a speed control mode for a valve can be utiUzed to simple dump discharge 

s°artTand a torjue control mode for steady state operation. ^« simpl<5 to shut down the system if there « 

OnTe you have light-off, exhaust gas temperature w P"«»«V load b \ ; dosing a solenoid valve ups^eam of 

increa^s-Tthe nirbogenerator speed is ^wn, turbog^n- ^^^Zv pump^f you shut off me liqu^dfuel flow, the 

frator compressor discharge pressure can be calculated as « essentially coast down to zero speed. 

can^heUauid fuel pressure. It is a simple matter to "lcu la ^ « s ^* m d 2 renc0 t0 , he hydrodynamic bearings on the 

w'altSallwp^ W rtagene«tor, e the systen/would normally be run down 

fuel pressure at the header for the combustor injectors, wnn s 
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